The next generation of cellular wireless communication networks (the much hyped "5G") is targeting a 1000x increase in data capacity. This has sparked an investigation of new and transformative wireless communication paradigms, including massive MIMO, full duplex and millimeter-wave wireless. These new wireless paradigms place requirements on the radio circuitry that are orders of magnitude more challenging than traditional systems, forcing us to rethink conventional radio design. Conventional analog and radio frequency circuit design has relied on linear, time-invariant (LTI) components and circuits. However, LTI components and circuits are restricted in the signal processing functionalities that can be implemented. Recently, there has been significant interest in linear, periodically time varying (LPTV) circuits that can enable new functionalities and components, such as highly-tunable, high quality integrated filters, front-ends with spatio-spectral filtering capability and integrated non-magnetic non-reciprocal components such as circulators and isolators. This paper reviews recent research breakthroughs in LPTV circuits and systems that enable full-duplex and massive MIMO wireless.
INTRODUCTION
The 5G 1000x data capacity challenge over the next ten years is driven by the ever-increasing reliance of society on wireless communications, and the consequent near-doubling of wireless data throughput every year. This 1000x increase in data capacity is expected to be met through three means -densification, increased spectral efficiency and increased bandwidth through the exploration of new spectrum. Densification, or the reduction in cell size through the denser deployment of small-cell base stations, will enable provision of service to more mobile devices within a given area, thus increasing aggregate network throughput. Increased spectral efficiency can be achieved through new communication paradigms such as massive MIMO [1] and full duplex [2] . Massive MIMO involves the use of an extremely large number of antennas at the base station to simultaneously serve multiple users within the same spectrum (often more precisely called MU-massive-MIMO or multi-user massive MIMO), thus greatly enhancing spectral efficiency. Full duplex wireless involves simultaneous transmission and reception on the same frequency, thus doubling spectral efficiency immediately in the physical layer, while offering numerous other benefits at the higher layers. Finally, wider bandwidths can supported by migrating up into the millimeter-wave regime (30GHz and beyond) where wide swaths of spectrum are available. Currently, frequency bands at 28GHz and 38GHz are being strongly considered for 5G, among others [3] . However, these new wireless communication paradigms significantly challenge the radio hardware. For instance, full duplex operation requires the receiver to operate in the presence of significant self-interference from its own transmitter. This selfinterference can be a billion to a trillion times more powerful than the desired signal, requiring self-interference or echo cancellation circuitry and algorithms that must function with one-part-perbillion/trillion accuracy. Massive MIMO requires the integration of hundreds of radio chains, each of which must consequently be extremely power efficient while maintaining high dynamic range to tolerate unknown external interference. Traditional radio circuit design has relied on conventional linear, time-invariant (LTI) circuits and systems, but such design has plateaued in terms of achievable performance and functionality. In the last few years, we have seen very exciting research progress on linear, periodically time varying (LPTV) circuits and systems, which enable new functionalities that are otherwise unachievable. Examples of these functionalities include highly-tunable, high quality integrated filters (the so-called "N-path filters"), frontends with spatio-spectral filtering capability for (massive) MIMO and integrated non-magnetic non-reciprocal components such as circulators that enable full duplex wireless. This paper reviews recent research breakthroughs in LPTV circuits and systems that enable new wireless communication paradigms.
THE REVIVAL OF THE N-PATH FILTER
The N-path filter is a commutated network, essentially a class of LPTV networks where the signal is periodically commutated through a bank of LTI networks. The first commutated networks relied on mechanical commutation through a rotating brush that periodically contacted a bank of capacitors to realize narrow comb filters around harmonics of the commutation frequency ( Fig. 1(a) ) [4] . More recently, electronic commutation using passive transistor-based switches has resulted in high quality-factor (Q) comb filters, commonly called N-path filters, which operate at RF, exhibit significantly lower noise and higher linearity when compared with active RF filters, are compatible and scale well with CMOS IC technology, and exhibit the potential to replace the traditional front-end off-chip surface acoustic wave (SAW) filters that are widely used in communication applications. Aside from the high-Q, low noise and high linearity, the center frequency of the filter is defined by the commutation clock frequency, implying that the filter can be widely tuned over decades of frequency by tuning the clock frequency. This is in stark contrast to SAW filters, which are fixed in frequency, necessitating a large array of SAW filters for each frequency band used in today's 4G cellular networks. Over the past several years, there has been extensive research on N-path filters in the CMOS RFIC community, and this research has enabled the development of SAW-less receivers for cellular communication applications [5] [6] [7] .
APPLICATION OF N-PATH FILTER CONCEPTS TO SPATIO-SPECTRAL FILTERING IN MIMO ARRAYS
The inherent principle behind N-path filters is that passive transistor-based switches, or passive mixers, are able to translate impedances at baseband frequencies to RF around the switching or commutation frequency. In the basic N-path filter configuration, the low-pass filtering profile created by the capacitors is translated to RF to realize a second-order bandpass filter ( Fig. 1(b) ). In this section, we describe how this impedance translation principle can be exploited for MIMO receiver applications.
As mentioned earlier, massive MIMO wireless has drawn tremendous interest for 5G applications. MIMO signal processing can practically only be implemented in the digital domain, and therefore MIMO receivers typically employ digitization at every element. In other words, each antenna employs a dedicated receiver chain with down-conversion mixers and analog-to-digital converters (ADCs). Such digital MIMO receivers can also exploit digital signal processing (DSP) for digital array calibration, which is crucial for complex, large-scale arrays. However, the digital MIMO receiver architecture has a major disadvantage, namely that spatial selectivity is missing in the RF/analog domain. At the target frequency band, multiple spatial signals can arrive at the antenna array at different power levels. The instantaneous dynamic range required for the RF/analog circuits and the ADCs will be limited by the strongest spatial signal on the upper bound, and the weakest spatial signal on the lower bound. A high instantaneous dynamic range requirement directly translates to high power consumption and high cost. Recently, we developed a scalable spatial notch suppression technique towards recovering RF/analog spatial selectivity in a digital MIMO receiver. Knowing the direction of a strong spatial blocker, a spatial notch, instead of beams, can be synthesized in the blocker direction to filter it out. As a result, all the analog baseband outputs will show high conversion gains to signals from all directions except the blocker direction. In order to synthesize the scalable spatial notch in the baseband, a spatial notch filter (SNF) is designed to provide lower input impedance in the blocker direction and high impedance in other directions. This is achieved by connecting operational transconductance amplifiers (OTAs) with resistive feedback from each element to a common node. When signals are incident on the OTAs with identical magnitude and phase (i.e. the blocker direction), each OTA presents high gain and consequently a low input impedance through the feedback resistor. When signals are incident with unequal phases (i.e. away from the blocker direction), the OTAs experience destructive interference at their outputs and hence low gain. Consequently, high input impedance is seen through the feedback resistance. Using this spatially modulated impedance to load a current mode receiver leads to spatially modulated conversion gain. A gain-boosted passivemixer-first receiver translates this impedance to the antenna interface to achieve spatial notch suppression right at the antennas. Thus, the impedance translation property of LPTV passive mixers enables spatial filtering early in the receiver chain. The LPTV passive mixers also exhibit high-Q tunable frequencydomain filtering as described before, and therefore, the overall receiver features both spatial and spectral filtering capability. The spatial notch suppression is scalable through the common OTA output node. The tiling of multiple ICs on the same PCB with their common OTA output node connected enables the realization of larger MIMO arrays with scaled spatial notch suppression. A prototype receiver array was implemented in a 65nm CMOS process (Fig. 2) . Experimental results showed 32dB steerable spatial notch suppression, and scalability across two ICs. A wireless multi-beam imaging demonstration was conducted in the presence of a strong spatial blocker to demonstrate the spatial filtering functionality. The reader is directed to [8] [9] [10] for additional details.
APPLICATION OF N-PATH FILTERS TO INTEGRATED NON-MAGNETIC NON-RECIPROCAL COMPONENTS
Another exciting property of LPTV networks is the ability to break reciprocity. Linear, time-invariant, passive circuits and systems constructed from conventional materials are reciprocal. Reciprocity places fundamental restrictions on the types of functionalities and components that can be implemented. For instance, for full-duplex wireless, it is desirable for the transmitter and the receiver to share the same antenna while transmitting and receiving at the same time at the same frequency. While twoantenna full-duplex wireless transceivers are possible, such solutions are bulky and do not translate well to MIMO and diversity applications. Non-reciprocal circulators, which route the transmitter signal to the antenna, but route the antenna signal to the receiver, enable full duplex on a single antenna. Traditionally, magnetic materials such as ferrites have been the basis of implementing non-reciprocal elements. Ferrite materials lose reciprocity under the application of an external magnetic field through the Faraday Effect. However non-reciprocal components based on magnetic materials are bulky, expensive and not compatible with CMOS integration. Other approaches of enabling non-reciprocity include the use active devices, which are limited in noise and linearity performance, and non-linear devices, which are limited in the range of signal powers over which they operate. More recently, LPTV circuits have also been shown to enable non-magnetic non-reciprocity through time-varying permittivity modulation [11, 12] . However, permittivity modulation in CMOS is limited in the modulation index (Con/Coff) achievable in varactors, resulting in nonreciprocal components that are either bulky or lossy. We have found that applying a relative phase shift to the nonoverlapping clocks driving the input and output switch sets of a two-port N-path filter imparts a nonreciprocal phase-shift to the signals traveling in the forward and reverse directions since they see a different ordering of the phase-shifted switches. The magnitude response remains reciprocal and low-loss, similar to traditional N-path filters ( Fig. 3(a) ). To convert phase nonreciprocity to non-reciprocal wave propagation, an N-path-filter with +/-90º phase-shift is placed inside a transmission line loop with a length of 3λ/4 ( Fig. 3(b) ). The combination of the nonreciprocal phase shift of the N-path filter with the reciprocal phase shift of the transmission line results in unidirectional wave propagation (-270º-90º=-360º), because the boundary condition for wave propagation in the reverse direction cannot be satisfied (-270º+90º=-180º). Additionally, a three-port circulator can be realized by placing ports anywhere along the loop as long as they maintain a λ/4 circumferential distance between them. A prototype circulator operating over 610-850MHz was implemented in a 65nm CMOS process (Fig. 3(c) ). This represented the first non-magnetic non-reciprocal circulator implemented in CMOS. The reader is referred to [13] for additional details. We have also designed and fabricated a fullduplex receiver in 65nm CMOS using our circulator as the sharedantenna interface that can handle up to -7dBm of transmitted power [14, 15] . The circulator serves as a first stage of selfinterference suppression by providing TX-RX isolation. The fullduplex receiver has an additional baseband self-interference canceller to relax the analog to digital converter (ADC) dynamic range. Measurements reveal 42dB of self-interference cancellation across the circulator and analog baseband canceller through a joint optimization over a bandwidth of 12MHz. Digital SIC has also been implemented in Matlab after capturing the BB signals using an oscilloscope to achieve an overall 85dB self-interference suppression across the FD receiver. More recent advances include a combined circulator-receiver for full duplex that combines the circulator with down-conversion functionality [16] , enabling higher transmitter power handling, lower power consumption and better noise performance, and an extension of the circulator to millimeter-waves (28GHz) [17] .
CONCLUSIONS
LTPV circuits and systems have reinvigorated analog/RF circuit design over the past five to ten years, and have enabled new circuits, components and architectures for radios targeting new wireless communication paradigms, such as massive MIMO and full-duplex. Topics for the future include scaling LPTV circuits to millimeter-wave, enabling the combination of millimeter-wave operation with paradigms such as full-duplex and massive MIMO. 
